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Abstract: The chloroplast genome provides insight into the evolution of plant species. We de novo
assembled and annotated chloroplast genomes of four genera representing three subfamilies of
Araceae: Lasia spinosa (Lasioideae), Stylochaeton bogneri, Zamioculcas zamiifolia (Zamioculcadoideae),
and Orontium aquaticum (Orontioideae), and performed comparative genomics using these chloroplast
genomes. The sizes of the chloroplast genomes ranged from 163,770 bp to 169,982 bp. These genomes
comprise 113 unique genes, including 79 protein-coding, 4 rRNA, and 30 tRNA genes. Among these
genes, 17–18 genes are duplicated in the inverted repeat (IR) regions, comprising 6–7 protein-coding
(including trans-splicing gene rps12), 4 rRNA, and 7 tRNA genes. The total number of genes ranged
between 130 and 131. The inf A gene was found to be a pseudogene in all four genomes reported here.
These genomes exhibited high similarities in codon usage, amino acid frequency, RNA editing sites,
and microsatellites. The oligonucleotide repeats and junctions JSB (IRb/SSC) and JSA (SSC/IRa) were
highly variable among the genomes. The patterns of IR contraction and expansion were shown to be
homoplasious, and therefore unsuitable for phylogenetic analyses. Signatures of positive selection
were seen in three genes in S. bogneri, including ycf 2, clpP, and rpl36. This study is a valuable addition
to the evolutionary history of chloroplast genome structure in Araceae.
Keywords: Araceae; chloroplast genome; substitutions; gene evolution; inverted repeats; contraction
and expansion; phylogenetics
1. Introduction
The chloroplast is an important double membrane-bounded organelle that plays a crucial role
in photosynthesis and metabolism of fatty acids and amino acids in plant cells [1]. Chloroplasts
contain a genome that replicates independently of the nuclear genome [1,2] and mostly exhibits a
quadripartite structure in which a pair of inverted repeats (IRa and IRb) separate large single-copy
(LSC) and small single-copy (SSC) regions [1–4]. However, in some plant lineages, exceptions to the
typical quadripartite structure are reported. For example, in Taxodiaceae [5] and Fabaceae [6], the IR
has been lost; in Pinaceae, the IRs have been excessively reduced [7]; and in Pothoideae (another
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subfamily of Araceae), the SSC has been greatly reduced [8]. Moreover, a mixture of linear and circular
chloroplast genomes have also been described [9].
The structure of chloroplast genomes is conserved regarding gene organization, gene content,
and intron content [1,10–13]. However, large-scale events of gene rearrangement, gene loss/generation
of pseudogenes, and intron loss are also reported in various plant lineages [11,14–18]. Inverted repeat
contraction and expansion in chloroplast genomes create pseudogenes, cause gene duplication, or
convert duplicates into single-copy genes [11,12]. Many other types of mutational events also take
place within chloroplast genomes, including insertions–deletions (indels), substitutions, tandem repeat
variations, and variations in number and type of oligonucleotide repeats [12,19–21]. The uniparental
inheritance—paternally in some gymnosperms [22] and maternally in most angiosperms [23]—along
with adequate levels of polymorphism [1,12,24] make the chloroplast genome suitable for studies of
evolution, domestication, and biogeography [1,25]. Specific regions of chloroplast genomes, called
mutational hotspots, are predisposed to mutations and show high polymorphism, which make them
useful molecular markers for studies of population genetics [24,26]. Recently, complete chloroplast
genome sequences were successfully employed to elucidate the phylogenetic relationships among
closely related or taxonomically difficult taxa [27,28]. Availability of chloroplast genomes provides
quality tools for endangered species conservation, accurate barcoding, and avoiding intentional and
unintentional adulteration of medicinal plants [1,29,30]. Moreover, chloroplast genomes play an
important role in the identification and determination of the purity of commercial cultivars [1,31].
Chloroplast genome-based studies are also essential in the agricultural sector. The most important
step for successful breeding is the selection of closely related and genetically compatible species to
introduce the desired traits into cultivars. Recently, chloroplast genome-based studies helped breeders
infer the evolutionary relationships between wild relatives and their cultivated crops, thus providing
valuable insight into the domestication process [1,24].
Araceae is an ancient and large monocot plant family, comprising 144 genera and 3645
species [32]. Based on flower morphology, the family is roughly divided into two categories:
bisexual-flowered species and unisexual-flowered species. The eight subfamilies of Araceae are
divided among these categories such that Gymnostachydoideae, Orontioideae, Lemnoideae, Pothoideae,
Monsteroideae, and Lasioideae all contain bisexual-flowered species, while Zamioculcadoideae and
Aroideae contain unisexual-flowered species (with the exception of Calla L.) [33–35]. Advancements
in high-throughput sequencing (HTS) have made genomic resources available for species of
Lemnoideae [36], Monsteroideae [19,37,38], Aroideae [11,39,40], and Orontioideae [41,42]. These studies
provide a glimpse into the unique evolutionary events of chloroplast genomes in Araceae, including
IR contraction and expansion, gene rearrangement, and signatures of positive selection [11,19,36].
Loss/pseudogenization of important genes has been reported in the genus Amorphophallus Blume
(Aroideae) [18], and mutations have been tentatively identified as synapomorphies for clades such as
the duplication of rps15 and ycf 1 in Lemnoideae [36]. These findings suggest that further sequencing
of chloroplast genomes from additional aroid subfamilies, such as Lasioideae and Zamioculcadoideae,
and additional species from the subfamily Orontioideae will reveal new insights into the evolution of
chloroplast genome structure in Araceae.
Taxa of the “Unisexual Flowers clade” [33,34] that are of interest include Zamioculcadoideae
and the independent genus Stylochaeton Lepr. Stylochaeton bogneri Mayo is of particular concern since
it has been declared an endangered species by the International Union for Conservation of Nature.
Hence, the chloroplast genome of this species will be helpful for barcoding and conservation purposes.
Zamioculcadoideae and S. bogneri are both interesting due to their morphology, which consists of a
unique combination of unisexual flowers with a perigone (all other taxa with unisexual flowers lack a
perigone) [33].
In the current study, we report de novo assembled and fully annotated chloroplast genomes of
four species from three subfamilies of Araceae: Lasia spinosa (L.) Thwaites (Lasioideae), Stylochaeton
bogneri and Zamioculcas zamiifolia (Lodd.) Engl. (Zamioculcadoideae), and Orontium aquaticum L.
(Orontioideae). We performed comparative chloroplast genomics among these species, which will
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provide better insight into the evolution of chloroplast genomes between unisexual and bisexual clades
of Araceae.
2. Materials and Methods
2.1. Sample Collection, DNA Extraction and Sequencing
We collected fresh and healthy leaves of four species (L. spinosa, S. bogneri, Z. zamiifolia,
and O. aquaticum) from the Araceae Greenhouse at the Missouri Botanical Garden in St. Louis,
Missouri (Figure 1). Whole genomic DNA was extracted from the collected leaves using Qiagen
DNeasy Minikit (Qiagen, Germantown, MD, USA), with some modifications following a previous
approach [11,19]. DNA quality and quantity were confirmed using 1% agarose gel electrophoresis and
Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA). The libraries were constructed following
the manufacturer’s protocol for Illumina TruSeq kits (Illumina, Inc., San Diego, CA, USA) in the Pires
laboratory at the University of Missouri, Columbia. The Illumina HiSeq 2000 platform was used to
sequence qualified libraries from single end with 100 bp short reads at the University of Missouri
DNA Core.
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aquaticum, temperate east North American seasonally dormant, aquatic herbs with oblong-elliptic 
blades held above water. (d) O. aquaticum, numerous bisexual inflorescences held above water level 
with disintegrated spathe not visible. (e) S. bogneri, tropical and southeast subtropical African 
evergreen herb with cordate-sagittate leaf blades. (f) Z. zamiifolia, tropical east to subtropical southeast 
Figure 1. Vegetative and reproductive t of bisexual and unisexual species. (a) L. spin sa, tropical
Southeast Asian aculeate colony-for ing evergreen herbs with deeply pinnatifid hastate-sagittate leaf
blades and spadix at antithesis. (b) L. spinosa, solitary inflorescence of bisexual flowers. (c) O. aquaticum,
temperate east North American seasonally dormant, aquatic herbs with oblong-elliptic blades held above
water. (d) O. aquaticum, numerous bisexual inflorescences held above water level with disintegrated
spathe not visible. (e) S. bogneri, tropical and southeast subtropical African evergreen herb with
cordate-sagittate leaf blades. (f) Z. zamiifolia, tropical east to subtropical southeast African seasonally
dormant or evergreen herb with pinnatisect leaf blades and an inflorescence of unisexual flowers with
basal female and apical male flowers [43].
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2.2. Genome Assembly and Annotation
The sequencing of these genomes generated 3.31 GB (S. bogneri) to 11.3 GB (Z. zamiifolia) of raw
data (Table 1). The quality of the generated short read data was compared among species using
FastQC and MultiQC [44,45]. The analyses confirmed high quality of the data, with a high average
Phred score ranging from 35.69 to 37.6. The raw data of the four sequenced species were submitted
to the Sequence Read Archive of the National Center for Biotechnology (NCBI) under SRA project
number PRJNA613281. The generated sequence data were used to de novo assemble chloroplast
genomes using Velvet v.1.2.10 [46] by generating contigs with various kmer values of 51, 61, 71, and 81,
combined with the de novo assembly option of Geneious R8.1 [47] following previous studies [10,12,48].
The coverage depth analysis was performed by mapping the short reads to their respective de novo
assembled chloroplast genomes by BWA (Burrows-Wheeler Aligner) mem [49]. The assembly of the
genomes was then validated by visualizing in Tablet [50]. We observed issues at 4–5 points of repetitive
regions, therefore, for further validation we used Fast-Plast v.1.2.2 following exactly the same procedure
employed for the assembly of other Araceae species [11,19]. This helped us to corroborate the correct
sequence at these points. The coverage depth analyses revealed that the average coverage depths of
the genomes ranged from 92.7× to 1021×. The de novo assembled chloroplast genomes were annotated
by GeSeq [51], whereas tRNA genes were further verified by tRNAscan-SE v.2.0.3 [52] and ARAGORN
v.1.2.38 [53] by selecting default parameters. The final annotated genomes were submitted to NCBI
under specific accession numbers (Table 1). GB2sequin was used to generate five column tab-delimited
files from the annotated genomes for NCBI submission [54]. The circular map of these genomes was
drawn using OrganellarGenomeDRAW (OGDRAW) [55].
Table 1. Quality and quantity of whole genome short reads and coverage depth analyses of de novo
assembled genomes.
Species Datain GB
Whole
Genome
Reads
(millions)
Phred
Score
Chloroplast
Reads
(millions)
Average
Coverage
Maximum
Coverage
NCBI
Accession
Orontium
aquaticum 5.43 20.86 37.2 0.20 124.8 1347 MT226773
Lasia
spinosa 8.35 32.00 37.6 1.74 1021 1929 MT226772
Zamioculcas
zamiifolia 11.3 43.29 35.69 1.29 774.4 1293 MT226775
Stylochaeton
bogneri 3.31 12.71 37.39 0.15 92.7 749 MT226774
2.3. Characterization, Comparative Analyses and Phylogenetic Inference
We used Geneious R8.1 [47] to compare genomic features and determine amino acid frequency
and codon usage. To visualize and compare the junctions of chloroplast genomes, we used IRscope
with default parameters [56]. The integrated Mauve alignment [57] of Geneious R8.1 was applied to
analyze gene arrangement based on colinear block analyses after removal of IRa from the genomes.
The Predictive RNA editors for Plant (PREP-CP) [58] program was used to determine RNA
editing sites in the chloroplast genomes. We also analyzed microsatellites and oligonucleotide repeats
using MISA (MIcroSAtellite) and REPuter, respectively. We determined microsatellites with repeat
units as follows: mononucleotide repeats ≥ 10, dinucleotide ≥ 5, trinucleotide ≥ 4, tetranucleotide,
pentanucleotide, and hexanucleotide ≥ 3. The forward and reverse oligonucleotide repeats were
determined with length ≥ 14 bp with one editing site, initially. Later, we removed all repeats that
contained mismatches from the analyses, leaving only those repeat pairs that exhibited 100% similarities,
following Abdullah et al. [48].
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We determined transition substitutions (Ts), transversion substitutions (Tv), and their ratio (Ts/Tv)
in 78 protein-coding genes. For this purpose, we concatenated the protein-coding genes of all four
species. The sequences of the concatenated protein-coding genes of L. spinosa, S. bogneri, and Z. zamiifolia
were pairwise aligned to O. aquaticum by multiple alignment using fast Fourier transform (MAFFT).
The substitution types were determined from each alignment in Geneious R8.1 [47].
We also determined the rate of synonymous substitutions (Ks), non-synonymous substitutions
(Ka), and their ratio (Ka/Ks) in 78 protein-coding genes. We extracted and aligned protein-coding genes
from all four species. The chloroplast genome of O. aquaticum was used as a reference, and the rates of
evolution of protein-coding genes were recorded. A similar approach was previously applied in other
angiosperms [10,12,17,19,59]. The data were interpreted in terms of purifying selection (Ka/Ks < 1),
neutral evolution (Ka/Ks = 1), and positive selection (Ka/Ks > 1).
A phylogenetic analysis was performed among 30 aroid species and Acorus americanus (Acoraceae)
as an outgroup. MAFFT [60] on XSEDE v.7.402 in CIPRES [61] was used to align complete chloroplast
genomes of 31 of the above species, after removal of one IR. We removed indels events from the
alignment to construct a phylogenetic tree based on only substitution mutations, following previous
studies [3,11,12,17,19]. The phylogeny was inferred based on this alignment (93,821 nucleotides long,
13,486 parsimony informative sites) using RAxML-HPC BlackBox v.8.2.12 [62] in CIPRES [61]. Table S1
gives details of the species that were used in the phylogenetic analysis.
3. Results
3.1. Comparative Genomics among De Novo Assembled Chloroplast Genomes
The sizes of the genomes ranged from 163,770 bp (S. bogneri) to 169,980 bp (L. spinose). The SSC
region ranged from 13,967 bp (O. aquaticum) to 20,497 bp (S. bogneri); LSC ranged from 87,269 bp
(O. aquaticum) to 91,357 bp (Z. zamiifolia); the size of each IR region ranged from 26,702 bp (S. bogneri)
to 32,053 bp (L. spinosa) (Table 2). The chloroplast genomes of the four species were found to be highly
conserved in terms of gene organization, gene content, and intron content. This highly conserved
structure was also confirmed using circular maps of the genomes (Figure 2) and colinear block analyses
of Mauve (Figure 3). All species exhibited 113 unique genes, including 79 protein-coding, 30 tRNA,
and 4 rRNA genes. We recorded 17 duplicated genes in the IRs of S. bogneri and Z. zamiifolia and
18 duplicated genes in O. aquaticum and L. spinosa. Among duplicated genes, 6–7 were protein-coding,
7 tRNA, and 4 rRNA genes. Hence, the total number of genes ranged from 130 to 131 (Table 2).
In total, 17–18 intron-containing genes were observed, including 6 tRNA and 12 protein-coding genes.
Among the intron-containing genes, 2 tRNA and 3 protein-coding genes were located in IRs. The size
of introns showed some variation among species, whereas exons showed high similarity (Table S2).
We detected loss of intron in the clpP gene. The inf A gene was found to be a pseudogene in all species.
The guanine-cytosine (GC) content of the complete chloroplast genomes and of all regions showed
high similarities among species, whereas fluctuation in GC content was observed within the different
regions of the same chloroplast genome. The GC content of coding regions, rRNAs, and tRNAs also
showed high similarities among species (Table 2).
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(a) O. aquaticum, (b) L. spinosa, (c) Z. zamiifolia, and (d) S. bogneri. The black block: transfer RNA genes,
green block: transfer RNA genes with introns, white block: coding genes, and red block: ribosomal
RNA genes. Light green and dark green blocks show differential existence of ycf1 and rps15 due to
contraction and expansion of inverted repeats.
Table 2. Genomic features of de novo assembled chloroplast genomes.
Characteristic O. aquaticum L. spinosa Z. zamiifolia S. bogneri
Size (base pair; bp) 164,016 169,980 167,405 163,770
LSC length (bp) 87,269 91,150 91,357 89,869
SSC length (bp) 13,967 18,551 19,326 20,497
IR length (bp) 31,390 32,053 28,361 26,702
Number of genes* 131 (113) 131 (113) 130 (113) 130 (113)
Protein-coding genes* 85 (79) 85 (79) 84 (79) 84 (79)
tRNA genes* 37 (30) 37 (30) 37 (30) 37 (30)
rRNA genes* 8 (4) 8 (4) 8 (4) 8 (4)
Duplicate genes 18 18 17 17
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Table 2. Cont.
Characteristic O. aquaticum L. spinosa Z. zamiifolia S. bogneri
GC content
Total (%) 37.3 36.1 35.9 35.7
LSC (%) 35.7 33.9 34.2 34.0
SSC (%) 31.9 31.0 30.4 29.5
IR (%) 40.6 41.8 39.7 40.5
CDS (%) 37.7 37.8 37.5 37.9
rRNA (%) 55.2 54.6 55.0 55.0
tRNA (%) 53.1 52.9 53.2 53.1
All gene % 39.2 39.3 39.0 39.2
* The number of total genes is presented without parentheses, whereas the number of unique genes appears
in parentheses.
3.2. Contraction and Expansion of Inverted Repeats
The chloroplast genomes showed overall similarities at the junctions of JLB (LSC/IRb) and JLA
(IRa/LSC) across all four species. At JLA in O. aquaticum, trnH-GUG was found to be completely in the
LSC region, 12 bp away from the junction, whereas other species showed integration of trnH-GUG
into the IRa region from 6 bp to 11 bp. Notable differences were found at the junctions of JSB and JSA
among the species. The chloroplast genomes O. aquaticum and L. spinosa were found to be similar at
these two junctions, and IR expansion led to duplication of the complete ycf 1 gene and the origin
of pseudogenes of rps15 at JSB. The chloroplast genomes of S. bogneri and Z. zamiifolia showed less
expansion of IRs, which led to the inclusion of only a pseudogene of ycf 1 at JSB. The integration of
ndhF into IRb was only recorded in L. spinosa. The complete details are presented in Figure 4.
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Figure 4. Comparison of quadripartite junction sites among chloroplast genomes of four assembled
species. Genes present on top of track transcribe on the negative strand, whereas genes present below
the track transcribe on the positive strand. The T scale bar shows integration of genes between two
adjacent regions. The junctions of genomes are represented as follows: JLB: IRb/LSC, JSB: IRb/SSC, JSA:
SSC/IRa, and JLA: IRa/LSC.
3.3. Analyses of Codon Usage, Amino Acid Frequency and RNA Editing
The codon usage analyses revealed high encodi g efficacy for those codons that end with A/T
as opposed to codons that end with C/G. We recorded a relative synonymous codon usage (RSCU)
value ≥ 1 for most codons that end with A/T, whereas RSCU < 1 was recorded for codons that end
with C/G (Table S3). The ATG codon is the most common start codon. However, we also observed
ACG (in rpl2) and GTG (in rps19) as start codons. The amino acid frequency analyses revealed high
encoding of leucine, whereas the rarest encoding was recorded for cysteine (Figure S1). The RNA
editing analyses revealed the presence of 62–74 RNA editing sites in 19–21 genes (Table S4). The RNA
editing sites were found in the same genes with a few exceptions: RNA editing sites were detected in
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psaB genes of only Z. zamiifolia, whereas the RNA editing site was not found in rpl20 of S. bogneri or
rps8 of L. spinosa. Most of the RNA editing sites were recorded in ndhA, ndhB, ndhD, rpoA, rpoB, rpoC1,
and rpoC2 (Table S4). ACG was found as a start codon in gene rpl2 and the RNA editing analyses
confirmed conversion of the ACG codon to ATG. Most RNA editing sites were found to be related to
conversion of serine to leucine. Moreover, almost all editing sites led to accumulation of hydrophobic
amino acids in the polypeptide chain of proteins (Table S4).
3.4. Repeats Analyses
The analyses of microsatellites revealed 104–146 repeats in the genomes. Most of the repeats
existed in LSC, followed by SSC and then IR (Figure 5a). Mononucleotide repeats were most abundant
in all species, especially in Z. zamiifolia. Dinucleotide repeats were in greater abundance in O. aquaticum
and L. spinosa, whereas S. bogneri and Z. zamiifolia showed an abundance of mononucleotide repeats
and tetranucleotide repeats. Lasia spinosa, Z. zamiifolia, and O. aquaticum showed similarities in numbers
of trinucleotide and tetranucleotide repeats in their respective genomes, but S. bogneri showed few
trinucleotide repeats relative to tetranucleotide repeats (Figure 5b). Pentanucleotide and hexanucleotide
repeats were in lower abundance than the other types of repeats and were completely lacking in
Z. zamiifolia (Figure 5b). Most repeats of all six microsatellite types were of the A/T motif rather than
the G/C motif (Table S5). The analyses of oligonucleotide repeats revealed the existence of a higher
number of forward and reverse repeats in all four species. We recorded most repeats in the LSC region
as compared with the SSC and IR regions. We also found some shared repeats among the three regions
of the chloroplast genomes (Figure 5c). The number of repeats ranged from 647 (O. aquaticum) to
1471 (Z. zamiifolia). We recorded high similarities in the numbers of forward and reverse repeats in
O. aquaticum and L. spinosa, whereas in S. bogneri and Z. zamiifolia there was a higher abundance of
forward repeats (Figure 5d). Most repeats ranged in length from 14 to 20 bp (Figure 5e), whereas the
largest repeats varied from 39 bp (L. spinosa) to 75 bp (S. bogneri). Details about the position and number
of repeats are provided in Table S6. The oligonucleotide repeats were not linked to subfamily-level
classification or to unisexual or bisexual clade-based divisions.
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Figure 5. Comparison of repeats among chloroplast genomes of four species. (a) Microsatellites
distribution in regions of chloroplast genomes. (b) Numbers of different types of microsatellites.
(c) Distribution of oligonucleotide repeats in regions of chloroplast genomes. (d) Types of oligonucleotide
repeats. (e) Number of repeats based on size. LSC: large single copy, SSC: small single copy, IR: inverted
repeats; LSC/SSC, LSC/IR, and SSC/IR represent those repeat pairs in which one copy exists in one
region and another copy in another region. 14–20, 21–26, 27–32, and >32 showed a range of repeat sizes.
3.5. Analyses of Substitution Types
We recorded a greater number of Ts substitutions than Tv substitutions. The ratios of Ts/Tv
were 2.3, 2.03, and 2.15 in the genomes of L. spinosa, S. bogneri, and Z. zamiifolia, respectively.
The majority of Ts substitutions were promoted by A/G rather than by C/T, whereas the majority
of Tv substitutions were found to be related to A/C and G/T rather than to A/T and C/G (Table 3).
For Ks and Ka, we found a higher average of Ks than Ka. Hence, on average, we recorded very low
Ka/Ks for all genes, which shows that purifying selection has acted on these genes. The average
values recorded for the different groups of genes were as follows: photosystem I group (Ks = 0.1677,
Ka = 0.0125, and Ka/Ks = 0.1211), photosystem II group (Ks = 0.1208, Ka = 0.0085, and Ka/Ks = 0.0671),
cytochrome group (Ks = 0.1757, Ka = 0.0298, and Ka/Ks = 0.2012), ATP synthase group (Ks = 0.1466,
Ka = 0.0188, and Ka/Ks = 0.1337), ribosomal small subunit group (Ks = 0.1519, Ka = 0.0589, and Ka/Ks
= 0.3584), ribosomal large subunit group (Ks = 0.1480, Ka = 0.0614, and Ka/Ks = 0.4640), NADPH
dehydrogenase group (Ks = 0.1771, Ka = 0.0780, and Ka/Ks = 0.3855), and RNA polymerase group
(Ks = 0.1813, Ka = 0.3228, and Ka/Ks = 0.1800) (Table S7). Some genes, including ndhK, petL, rpl16, ndhF,
ndhH, and rps15, showed neutral selection (Ka/Ks = 1) in all species. Interestingly, we found evidence
for positive selection in three genes (ycf 2, clpP, and rpl36) in only S. bogneri (Table S7).
Table 3. Transition and transversion substitutions in protein-coding genes.
Substitution Type Lasia spinosa Zamioculcas zamiifolia Stylochaeton bogneri
A/C 479 467 562
C/T 1376 1269 1459
A/G 1432 1316 1543
A/T 275 254 316
C/G 160 156 195
G/T 305 322 407
Ts/Tv 2.3 2.15 2.03
3.6. Phylogenetic Inference of Araceae
A maximum likelihood phylogenetic tree was reconstructed using RAxML-HPC BlackBox v.8.2.12
in CIPRES using 30 species of Araceae and one outgroup (A. americanus). The alignment had 93,821
nucleotides in which 13,486 sites were parsimony informative, 13,060 were singletons, and the remaining
sites (67,275) were shared in all species. The resulting phylogeny shows the monophyly of Lasioideae,
Zamioculcadoideae, and Orontioideae, with Zamioculcadoideae forming a clade with Stylochaeton
(Figure 6).
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4. Discussion
In the current study, we report de novo assembled and fully annotated chloroplast genomes of four
species from three subfamilies of Araceae. Comparative chloroplast genomics revealed high similarities
in gene content across all species. However, the sizes of these genomes varied due to the variable
length of intergenic spacer (IGS) regions and IR contraction and expansion. Substitution analyses
revealed Ts > Tv and Ks > Ka. The phylogenetic analysis confirmed the monophyly of Lasioideae,
Orontioideae, and Zamioculcadoideae.
The chloroplast genomes are either conserved [10–12,19] or highly polymorphic in terms of gene
content and gene organization [6,14,63,64]. The chloroplast genomes of the four species showed
a highly conserved structure of gene content, intron content, and gene organization. Similar gene
contents were also reported in other subfamilies of Araceae [8,11,19,36,42]. These observations are
in accordance with the growing body of literature showing highly malleable junction sites within
an other ise highly conserved chloroplast geno e structure in Araceae regardless of phylogenetic
position, similar to other angiosperms [3,12,20,21]. However, loss of some i portant protein-coding
and tRNA genes has been reported in the genus Amorphophallus (Aroideae, Araceae), ic i t e
specific to this genus. The inf A gene encodes translation i itia ion factor I, but we found this gen to be
non-fu ctional in all species. This gene is also reported to be non-functional or absent in the chloroplast
genomes of other angiosperms, i cluding species of Arac a [10–12,19,36,65]. Hence it is sugges ed
that eith r this gene is tran ferred to the nuclear genome as an active functional ge e or a functi n l
copy of this important gene already exists in the nuclear genome [39,66]. We observed duplication
of ycf 1 genes or origination f pseudogenes of ycf 1 and rps15 due to IR contraction and expa sion.
The duplication of ycf 1 and/or rps15 is also reported in species of the subfamily Lemnoideae [36] and
two species (Anchomanes hookeri Schott. and Zantedeschia aethiopica Spreng.) of Aroideae [11].
Araceae is an ancient plant family and belongs to the early Cretaceous period [35]. The Araceae
stem lineage is dated to 135 Ma and the crown group to 121.7 Ma [35]. Despite this ancient nature,
the chloroplast genomes of its species are conserved and do not show gene rearrangement. However,
later diverging families from Araceae, such as the dicot family Fabaceae (74–79 Ma) [67] and monocot
family Orchidaceae (~80 Ma) [68], show significant genome rearrangement due to inversions and
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translocations [1,6,14,69]. Moreover, loss of IR regions and loss of several genes, such as accD, clpP,
psaI, rpl33, rps16, and ycf 4, have been reported in Fabaceae [6,70], whereas loss of several ndh genes
has been described in Orchidaceae [64]. These mutational events are also linked to phylogenetic
relationships. So far, chloroplast genomes of up to 35 species are reported from seven subfamilies
of Araceae [8,11,19,39,41,42,71]. These species are highly diverse in morphology and ecology [43]
and in evolutionary periods, ranging from the early Cretaceous to the Miocene period [35]. However,
rearrangements of genes have been described in only Zantedeschia aethiopica, a highly cultivated
plant [11,43], whereas gene loss is reported in only some species of the genus Amorphophallus [18].
The highly conserved chloroplast genomes of Araceae in terms of gene content and arrangement is
of special interest and could provide further insight into the mechanisms involved in the process.
Repeats are considered mutation-causing agents [39,48,72] and are also found to be associated with the
extent of inversions by recombination [73,74]. The current study and previous reports [8,11,19] show
the existence of a high number of repeats in the chloroplast genomes of Araceae, but these repeats
do not produce rearrangement. The four classes of nuclear-encoded genes—chloroplast mutator
(CHM/MSH1), organellar single-stranded DNA-binding proteins, RecA-like homologs, and the
Whirlies—are identified to escape mutations and genome rearrangement by suppressing recombination
between repeated DNA sequences [75]. The high-level genome rearrangements in Geraniaceae are
suggested to be due to mutations of these genes [63]. In our study, the highly diverse species in terms
of morphology and ecology and with diverse evolutionary times, from the Cretaceous periods to the
Miocene period, revealed a conserved genome and did not support the rearrangement of genes due to
inversions, showing the existence of these genes in a highly functional form. However, further study
of these genes in diverse species of Araceae can broaden insights into the mechanisms by which these
species avoid rearrangement.
The IRs provide stability to chloroplast genomes, preventing breaking of the genomes during
various stress conditions [76]. However, the contraction and expansion of IRs led to decrease/increase
in cp genome size and conversion of single-copy genes to duplicate-copy genes, and vice versa [6,8,12].
Similar phenomena exist in chloroplast genomes of aroids. Here, we observed duplication of ycf 1
in O. aquaticum and L. spinosa. The duplication of ycf 1 and rps15 is also reported in species of
subfamilies Lemnoideae [36]. Recently, an increase in the size of LSC regions and IRs has been reported
in chloroplast genomes of Pothos scandens L. [8]. Previously, double-strand break and illegitimate
recombination were considered causes of IR expansion and contraction in Mimosoideae [77], which may
also be the case for IR contraction and expansion in Araceae, but further research into the mechanisms
underlying IR boundary shifts is needed to test this theory.
The contraction and expansion of the IR among some angiosperms was suggested to have
phylogenetic signal [6,10,20,78]. However, together with previously published aroid plastomes,
genomes reported in the current study reveal that IR contraction and expansion might be a
species-specific event, as opposed to synapomorphies of subfamilies. The duplication of ycf 1 and
origination of the rps15 pseudogene in O. aquaticum are not observed in species of Symplocarpus Salisb.
ex Nutt. [42], and both genes are found in the SSC region. The complete duplication of ycf 1 and
rps15 is observed in Lemnoideae species [36]; in S. bogneri and Z. zamiifolia, duplication of partial
ycf 1 is observed, whereas rps15 exists as a single copy completely in the SSC region. Moreover,
complete duplication of ycf 1 and partial duplication of rps15 were observed in L. spinosa, similar to
O. aquaticum. Although the four analyzed species in our study suggest the occurrence of similar IR
contraction and expansion based on unisexual and bisexual clades, previous reports preclude this
conclusion, as duplication of rps15 and/or ycf 1 has been observed in several unisexual species [11],
and the single-copy existence of rps15 and ycf 1 has also been noted in bisexual species [19,41,42]. These
data suggest that IR contraction and expansion are highly flexible over evolutionary time, and that
similar IR boundary architecture across lineages can be the result of homoplasy. In other angiosperms,
differential IR contraction and expansion have also been seen in species of the same genus such as
Aquilaria Lam. [24,39,79,80].
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We observed Ka/Ks < 1 due to higher Ks than Ka for most of the protein-coding genes. These results
are consistent with previous studies of angiosperm chloroplast genomes, including the family Araceae,
as purifying selection pressure mostly acts on the genes of chloroplast genomes [10,12,19,65]. However,
a higher Ka/Ks was also reported in some species of Araceae in which most of the genes were under
positive selection [42]. We found three genes under positive selection in the chloroplast genome of
S. bogneri, including ycf 2, clpP, and rpl36. The signatures of positive selection in chloroplast genes
in these species might be due to the different types of stresses that they face in their respective
ecological niches. The same genes were found to be under positive selection in various other species as
well [12,17,65,81,82].
In conclusion, the ancient plant family Araceae has conserved chloroplast genome structures
in terms of gene content and gene arrangement compared with the families that diverged up to
50 million years later from Araceae, i.e., Orchidaceae and Fabaceae, which show significant gene
rearrangements due to various inversion events. The high number of repeats is not associated
with genome rearrangements. Hence, some specific mechanisms exist in these species that keep
the chloroplast genome stable. The accurate and highly active function of CHM/MSH1, organellar
single-stranded DNA-binding proteins, RecA-like homologs, and the Whirlies might be one of the
reasons. The IR contraction and expansion led to an increase in length and duplication of genes or
conversion of duplicated genes to a single copy by allowing movement of genes from one region
to another. However, inversion of genes appears to be avoided since this can break gene clusters
under a specific operon, leading to pseudogenization of genes. The IR contraction and expansion
appear to be homoplasious among these taxa, precluding the use of IR architecture in phylogenetic
analyses. The in-depth study of the family Araceae can provide insights into the mechanisms that keep
chloroplast genomes conserved in angiosperms.
Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/6/737/s1:
Figure S1: Amino Acids Frequency, Table S1: GenBank accession number of the species used in phylogenetic
inference; Table S2: The lengths of introns and exons in the intron containing genes of de novo assembled species;
Table S3: Relative synonymous codon usage analyses in the chloroplast genome of newly assembled species;
Table S4: RNA Editing Sites Analysis; Table S5: Types of microsatellites motifs and number of various types of
repeats in the chloroplast genomes; Table S6: Oligonucleotide repeats in chloroplast genomes of newly assembled
species; and Table S7: Evolution rate of protein coding genes.
Author Contributions: Sample collection, DNA extraction, and sequencing: C.L.H. and T.B.C.; genome assembly,
coverage depth analyses, and annotations: A., C.L.H., and Z.A.; data analyses: A., F.M., and I.S.; data interpretation:
A. and F.M.; conceptualization: A., P.P., I.A., and T.B.C.; data curation: A., C.L.H., and F.M.; project administration:
A. and C.L.H.; writing—original draft: A.; writing—review and editing: C.L.H., I.A., P.P., and M.T.W.; supervision:
P.P. and I.A. All authors have read and agreed to the published version of the manuscript.
Funding: Funding for this study was provided by the GAANN fellowship, the Rettner B. Morris Scholarship,
Washington University in St. Louis, and the J. Chris Pires Lab (NSF DEB 1146603).
Acknowledgments: The authors are grateful for funding and laboratory support from Barbara Schaal at
Washington University in St. Louis and J. Chris Pires at the University of Columbia, Missouri. The authors thank
Tatiana Arias for valuable help in the laboratory and data processing. In the aroid greenhouse at the Missouri
Botanical Garden, Emily Colletti provided critical assistance with living material.
Conflicts of Interest: No conflicts of interest exists.
References
1. Daniell, H.; Lin, C.-S.; Yu, M.; Chang, W.-J. Chloroplast genomes: Diversity, evolution, and applications in
genetic engineering. Genome Biol. 2016, 17, 134. [CrossRef] [PubMed]
2. Palmer, J.D. Comparative organization of chloroplast genomes. Annu. Rev. Genet. 1985, 19, 325–354. [CrossRef]
[PubMed]
3. Mehmood, F.; Abdullah; Shahzadi, I.; Ahmed, I.; Waheed, M.T.; Mirza, B. Characterization of
Withania somnifera chloroplast genome and its comparison with other selected species of Solanaceae.
Genomics 2020, 112, 1522–1530. [CrossRef] [PubMed]
Plants 2020, 9, 737 13 of 16
4. Abdullah; Waseem, S.; Mirza, B.; Ahmed, I.; Waheed, M.T. Comparative analyses of chloroplast genome of
Theobroma cacao and Theobroma grandiflorum. Biologia 2020, 75, 761–771. [CrossRef]
5. Hirao, T.; Watanabe, A.; Kurita, M.; Kondo, T.; Takata, K. Complete nucleotide sequence of the
Cryptomeria japonica D. Don. chloroplast genome and comparative chloroplast genomics: Diversified
genomic structure of coniferous species. BMC Plant Biol. 2008, 8, 70. [CrossRef]
6. Sabir, J.; Schwarz, E.; Ellison, N.; Zhang, J.; Baeshen, N.A.; Mutwakil, M.; Jansen, R.; Ruhlman, T. Evolutionary
and biotechnology implications of plastid genome variation in the inverted-repeat-lacking clade of legumes.
Plant Biotechnol. J. 2014, 12, 743–754. [CrossRef]
7. Zeb, U.; Dong, W.; Zhang, T.; Wang, R.; Shahzad, K.; Ma, X.; Li, Z. Comparative plastid genomics of
Pinus species: Insights into sequence variations and phylogenetic relationships. J. Syst. Evol. 2019, 12492.
[CrossRef]
8. Abdullah; Henriquez, C.L.; Mehmood, F.; Carlsen, M.M.; Islam, M.; Waheed, M.T.; Poczai, P.; Croat, T.B.;
Ahmed, I. Complete chloroplast genomes of Anthurium huixtlense and Pothos scandens (Pothoideae, Araceae):
Unique inverted repeat expansion and contraction affect rate of evolution. BioRxiv 2020. [CrossRef]
9. Oldenburg, D.J.; Bendich, A.J. The linear plastid chromosomes of maize: Terminal sequences, structures,
and implications for DNA replication. Curr. Genet. 2016, 62, 431–442. [CrossRef] [PubMed]
10. Shahzadi, I.; Abdullah; Mehmood, F.; Ali, Z.; Ahmed, I.; Mirza, B. Chloroplast genome sequences of
Artemisia maritima and Artemisia absinthium: Comparative analyses, mutational hotspots in genus Artemisia
and phylogeny in family Asteraceae. Genomics 2020, 112, 1454–1463. [CrossRef]
11. Henriquez, C.L.; Abdullah; Ahmed, I.; Carlsen, M.M.; Zuluaga, A.; Croat, T.B.; Mckain, M.R. Evolutionary
dynamics of chloroplast genomes in subfamily Aroideae (Araceae). Genomics 2020, 112, 2349–2360. [CrossRef]
[PubMed]
12. Abdullah; Mehmood, F.; Shahzadi, I.; Waseem, S.; Mirza, B.; Ahmed, I.; Waheed, M.T. Chloroplast genome of
Hibiscus rosa-sinensis (Malvaceae): Comparative analyses and identification of mutational hotspots. Genomics
2020, 112, 581–591. [CrossRef] [PubMed]
13. Amiryousefi, A.; Hyvönen, J.; Poczai, P. The chloroplast genome sequence of bittersweet (Solanum dulcamara):
Plastid genome structure evolution in Solanaceae. PLoS ONE 2018, 13, 1–23. [CrossRef]
14. Schwarz, E.N.; Ruhlman, T.A.; Sabir, J.S.M.; Hajrah, N.H.; Alharbi, N.S.; Al-Malki, A.L.; Bailey, C.D.;
Jansen, R.K. Plastid genome sequences of legumes reveal parallel inversions and multiple losses of rps16 in
Papilionoids. J. Syst. Evol. 2015, 53, 458–468. [CrossRef]
15. Rabah, S.O.; Shrestha, B.; Hajrah, N.H.; Sabir, M.J.; Alharby, H.F.; Sabir, M.J.; Alhebshi, A.M.; Sabir, J.S.M.;
Gilbert, L.E.; Ruhlman, T.A.; et al. Passiflora plastome sequencing reveals widespread genomic rearrangements.
J. Syst. Evol. 2019, 57, 1–14. [CrossRef]
16. Lopes, A. de S.; Pacheco, T.G.; dos Santos, K.G.; do N. Vieira, L.; Guerra, M.P.; Nodari, R.O.; de Souza, E.M.;
de O. Pedrosa, F.; Rogalski, M. The Linum usitatissimum L. plastome reveals atypical structural evolution,
new editing sites, and the phylogenetic position of Linaceae within Malpighiales. Plant Cell Rep. 2018, 37,
307–328. [CrossRef]
17. Abdullah; Shahzadi, I.; Mehmood, F.; Ali, Z.; Malik, M.S.; Waseem, S.; Mirza, B.; Ahmed, I.; Waheed, M.T.
Comparative analyses of chloroplast genomes among three Firmiana species: Identification of mutational
hotspots and phylogenetic relationship with other species of Malvaceae. Plant Gene 2019, 19, 100199.
[CrossRef]
18. Liu, E.; Yang, C.; Liu, J.; Jin, S.; Harijati, N.; Hu, Z.; Diao, Y.; Zhao, L. Comparative analysis of complete
chloroplast genome sequences of four major Amorphophallus species. Sci. Rep. 2019, 9, 809. [CrossRef]
19. Henriquez, C.L.; Abdullah; Ahmed, I.; Carlsen, M.M.; Zuluaga, A.; Croat, T.B.; Mckain, M.R. Molecular
evolution of chloroplast genomes in Monsteroideae (Araceae). Planta 2020, 251, 72. [CrossRef]
20. Iram, S.; Hayat, M.Q.; Tahir, M.; Gul, A.; Abdullah; Ahmed, I. Chloroplast genome sequence of Artemisia
scoparia: Comparative analyses and screening of mutational hotspots. Plants 2019, 8, 476. [CrossRef]
21. Poczai, P.; Hyvönen, J. The complete chloroplast genome sequence of the CAM epiphyte Spanish moss
(Tillandsia usneoides, Bromeliaceae) and its comparative analysis. PLoS ONE 2017, 12, 1–25. [CrossRef]
[PubMed]
22. Neale, D.B.; Sederoff, R.R. Paternal inheritance of chloroplast DNA and maternal inheritance of mitochondrial
DNA in Loblolly pine. Theor. Appl. Genet. 1989, 77, 212–216. [CrossRef] [PubMed]
Plants 2020, 9, 737 14 of 16
23. Daniell, H. Transgene containment by maternal inheritance: Effective or elusive? Proc. Natl. Acad. Sci. USA
2007, 104, 6879–6880. [CrossRef] [PubMed]
24. Ahmed, I. Evolutionary Dynamics in Taro; Massey University: Palmerston North, New Zealand, 2014.
25. Li, L.-F.; Wang, H.-Y.; Zhang, C.; Wang, X.-F.; Shi, F.-X.; Chen, W.-N.; Ge, X.-J. Origins and Domestication of
Cultivated Banana Inferred from Chloroplast and Nuclear Genes. PLoS ONE 2013, 8, e80502. [CrossRef]
[PubMed]
26. Ahmed, I.; Matthews, P.J.; Biggs, P.J.; Naeem, M.; Mclenachan, P.A.; Lockhart, P.J. Identification of chloroplast
genome loci suitable for high-resolution phylogeographic studies of Colocasia esculenta (L.) Schott (Araceae)
and closely related taxa. Mol. Ecol. Resour. 2013, 13, 929–937. [CrossRef] [PubMed]
27. Yang, J.; Feng, L.; Yue, M.; He, Y.L.; Zhao, G.F.; Li, Z.H. Species delimitation and interspecific relationships of
the endangered herb genus Notopterygium inferred from multilocus variations. Mol. Phylogenet. Evol. 2019,
133, 142–151. [CrossRef]
28. Zhai, W.; Duan, X.; Zhang, R.; Guo, C.; Li, L.; Xu, G.; Shan, H.; Kong, H.; Ren, Y. Chloroplast
genomic data provide new and robust insights into the phylogeny and evolution of the Ranunculaceae.
Mol. Phylogenet. Evol. 2019, 135, 12–21. [CrossRef]
29. Mehmood, F.; Abdullah; Ubaid, Z.; Bao, Y.; Poczai, P.; Mirza, B. Comparative plastomics of Ashwagandha
(Withania, Solanaceae) and identification of mutational hotspots for barcoding medicinal plants. Preprints
2020. [CrossRef]
30. Palhares, R.M.; Drummond, M.G.; Dos Santos Alves Figueiredo Brasil, B.; Cosenza, G.P.; Das Graças Lins
Brandão, M.; Oliveira, G. Medicinal plants recommended by the world health organization: DNA barcode
identification associated with chemical analyses guarantees their quality. PLoS ONE 2015, 10, 1–29. [CrossRef]
31. Suzuki, J.Y.; Geib, S.M.; Carlsen, M.M.; Henriquez, C.L.; Amore, T.D.; Sim, S.B.; Matsumoto, T.K.; Keith, L.M.;
Myers, R.Y. Development of chloroplast single nucleotide polymorphisms (SNPs) as a tool towards
interspecies typing of Anthurium germplasm. In Proceedings of the Acta Horticulturae, International Society
for Horticultural Science, Krabi, Thailand, 7–9 March 2017; Volume 1167, pp. 257–270.
32. Boyce, P.C.; Croat, T.B. The Überlist of Araceae, Totals for Published and Estimated Number of Species in Aroid
Genera. 2018. Available online: http://www.aroid.org/genera/180211uberlist.pdf (accessed on 9 April 2020).
33. Cusimano, N.; Bogner, J.; Mayo, S.J.; Boyce, P.C.; Wong, S.Y.; Hesse, M.; Hetterscheid, W.L.A.; Keating, R.C.;
French, J.C. Relationships within the Araceae: Comparison of morphological patterns with molecular
phylogenies. Am. J. Bot. 2011, 98, 654–668. [CrossRef]
34. Henriquez, C.L.; Arias, T.; Pires, J.C.; Croat, T.B.; Schaal, B.A. Phylogenomics of the plant family Araceae.
Mol. Phylogenet. Evol. 2014, 75, 91–102. [CrossRef]
35. Nauheimer, L.; Metzler, D.; Renner, S.S. Global history of the ancient monocot family Araceae inferred with
models accounting for past continental positions and previous ranges based on fossils. New Phytol. 2012,
195, 938–950. [CrossRef] [PubMed]
36. Wang, W.; Messing, J. High-Throughput sequencing of three Lemnoideae (duckweeds) chloroplast genomes
from total DNA. PLoS ONE 2011, 6, e24670. [CrossRef] [PubMed]
37. Liu, X.F.; Zhu, G.F.; Li, D.M.; Wang, X.J. The complete chloroplast genome sequence of Spathiphyllum
cannifolium. Mitochondrial DNA Part B Resour. 2019, 4, 1822–1823. [CrossRef]
38. Han, L.; Wang, B.; Wang, Z.Z. The complete chloroplast genome sequence of Spathiphyllum kochii.
Mitochondrial DNA 2016, 27, 2973–2974. [CrossRef]
39. Ahmed, I.; Biggs, P.J.; Matthews, P.J.; Collins, L.J.; Hendy, M.D.; Lockhart, P.J. Mutational dynamics of aroid
chloroplast genomes. Genome Biol. Evol. 2012, 4, 1316–1323. [CrossRef]
40. Han, L.; Chen, C.; Wang, B.; Wang, Z.-Z. The complete chloroplast genome sequence of medicinal plant
Pinellia ternata. Mitochondrial DNA. Part A, DNA mapping, Seq. Anal. 2016, 27, 2921–2922. [CrossRef]
41. Choi, K.S.; Park, K.T.; Park, S. The Chloroplast Genome of Symplocarpus renifolius: A comparison of chloroplast
genome structure in Araceae. Genes 2017, 8, 324. [CrossRef]
42. Kim, S.-H.; Yang, J.; Park, J.; Yamada, T.; Maki, M.; Kim, S.-C. Comparison of Whole Plastome Sequences
between Thermogenic Skunk Cabbage Symplocarpus renifolius and Nonthermogenic S. nipponicus
(Orontioideae; Araceae) in East Asia. Int. J. Mol. Sci. 2019, 20, 4678. [CrossRef]
43. Mayo, S.J.; Bogner, J.; Catherine, E.; Boyce, P.J. The genera of Araceae; Royal Botanic Gardens, Kew: London,
UK, 1997; ISBN 9781900347228.
Plants 2020, 9, 737 15 of 16
44. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. Available online:
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 15 September 2019).
45. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize analysis results for multiple tools and
samples in a single report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]
46. Zerbino, D.R.; Birney, E. Velvet: Algorithms for de novo short read assembly using de Bruijn graphs.
Genome Res. 2008, 18, 821–829. [CrossRef] [PubMed]
47. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.;
Markowitz, S.; Duran, C.; et al. Geneious Basic: An integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics 2012, 28, 1647–1649. [CrossRef] [PubMed]
48. Abdullah; Mehmood, F.; Shahzadi, I.; Ali, Z.; Islam, M.; Naeem, M.; Mirza, B.; Lockhart, P.; Ahmed, I.;
Waheed, M.T. Correlations among oligonucleotide repeats, nucleotide substitutions and insertion-deletion
mutations in chloroplast genomes of plant family Malvaceae. J. Syst. Evol. 2020. [CrossRef]
49. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics
2009, 25, 1754–1760. [CrossRef] [PubMed]
50. Milne, I.; Bayer, M.; Cardle, L.; Shaw, P.; Stephen, G.; Wright, F.; Marshall, D. Tablet-next generation sequence
assembly visualization. Bioinformatics 2009, 26, 401–402. [CrossRef]
51. Tillich, M.; Lehwark, P.; Pellizzer, T.; Ulbricht-Jones, E.S.; Fischer, A.; Bock, R.; Greiner, S. GeSeq – versatile
and accurate annotation of organelle genomes. Nucleic Acids Res. 2017, 45, W6–W11. [CrossRef]
52. Lowe, T.M.; Chan, P.P. tRNAscan-SE On-line: Integrating search and context for analysis of transfer RNA
genes. Nucleic Acids Res. 2016, 44, W54–W57. [CrossRef]
53. Laslett, D.; Canback, B. ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide
sequences. Nucleic Acids Res. 2004, 32, 11–16. [CrossRef]
54. Lehwark, P.; Greiner, S. GB2sequin-A file converter preparing custom GenBank files for database submission.
Genomics 2019, 111, 759–761. [CrossRef]
55. Greiner, S.; Lehwark, P.; Bock, R. OrganellarGenomeDRAW (OGDRAW) version 1.3.1: Expanded toolkit for
the graphical visualization of organellar genomes. Nucleic Acids Res. 2019, 47, W59–W64. [CrossRef]
56. Amiryousefi, A.; Hyvönen, J.; Poczai, P. IRscope: An online program to visualize the junction sites of
chloroplast genomes. Bioinformatics 2018, 34, 3030–3031. [CrossRef] [PubMed]
57. Darling, A.C.E.; Mau, B.; Blattner, F.R.; Perna, N.T. Mauve: Multiple Alignment of Conserved Genomic
Sequence With Rearrangements. Genome Res. 2004, 14, 1394–1403. [CrossRef] [PubMed]
58. Mower, J.P. The PREP suite: Predictive RNA editors for plant mitochondrial genes, chloroplast genes and
user-defined alignments. Nucleic Acids Res. 2009, 37, W253–W259. [CrossRef] [PubMed]
59. Choi, K.S.; Kwak, M.; Lee, B.; Park, S.J. Complete chloroplast genome of Tetragonia tetragonioides: Molecular
phylogenetic relationships and evolution in caryophyllales. PLoS ONE 2018, 13, 1–11. [CrossRef]
60. Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef]
61. Miller, M.A.; Pfeiffer, W.; Schwartz, T. Creating the CIPRES Science Gateway for inference of large phylogenetic
trees. In Proceedings of the Gateway Computing Environments Workshop, GCE 2010, New Orleans, LA,
USA, 14 November 2010.
62. Stamatakis, A. RAxML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics 2014, 30, 1312–1313. [CrossRef]
63. Guisinger, M.M.; Kuehl, J.V.; Boore, J.L.; Jansen, R.K. Extreme reconfiguration of plastid genomes in the
angiosperm family Geraniaceae: Rearrangements, repeats, and codon usage. Mol. Biol. Evol. 2011, 28,
583–600. [CrossRef]
64. Dong, W.L.; Wang, R.N.; Zhang, N.Y.; Fan, W.B.; Fang, M.F.; Li, Z.H. Molecular evolution of chloroplast
genomes of orchid species: Insights into phylogenetic relationship and adaptive evolution. Int. J. Mol. Sci.
2018, 19, 716. [CrossRef]
65. Mehmood, F.; Abdullah; Ubaid, Z.; Shahzadi, I.; Ahmed, I.; Waheed, M.T.; Poczai, P.; Mirza, B. Plastid
genomics of Nicotiana (Solanaceae): Insights into molecular evolution, positive selection and the origin of
the maternal genome of Aztec tobacco (Nicotiana rustica). BioRxiv 2020. [CrossRef]
Plants 2020, 9, 737 16 of 16
66. Jansen, R.K.; Cai, Z.; Raubeson, L.A.; Daniell, H.; de Pamphilis, C.W.; Leebens-Mack, J.; Muller, K.F.;
Guisinger-Bellian, M.; Haberle, R.C.; Hansen, A.K.; et al. Analysis of 81 genes from 64 plastid genomes
resolves relationships in angiosperms and identifies genome-scale evolutionary patterns. Proc. Natl. Acad.
Sci. USA 2007, 104, 19369–19374. [CrossRef]
67. Wikstro, N.; Savolainen, V.; Chase, M.W. Evolution of the angiosperms: Calibrating the family tree.
Proc. Biol. Sci. 2001, 268, 2211–2220. [CrossRef]
68. Gustafsson, A.L.S.; Verola, C.F.; Antonelli, A. Reassessing the temporal evolution of orchids with new fossils
and a Bayesian relaxed clock, with implications for the diversification of the rare South American genus
Hoffmannseggella (Orchidaceae: Epidendroideae). BMC Evol. Biol. 2010, 10, 177. [CrossRef] [PubMed]
69. Biswal, D.; Konhar, R.; Debnath, M.; Parameswaran, S.; Sundar, D.; Tandon, P. Chloroplast genome sequence
annotation of Dendrobium nobile (Asparagales: Orchidaceae), an endangered medicinal Orchid from Northeast
India. PLoS Curr. 2017, 9. [CrossRef]
70. Keller, J.; Rousseau-Gueutin, M.; Martin, G.E.; Morice, J.; Boutte, J.; Coissac, E.; Ourari, M.; Aïnouche, M.;
Salmon, A.; Cabello-Hurtado, F.; et al. The evolutionary fate of the chloroplast and nuclear rps16 genes as
revealed through the sequencing and comparative analyses of four novel legume chloroplast genomes from
Lupinus. DNA Res. 2017, 24, 343–358. [CrossRef] [PubMed]
71. Tian, N.; Han, L.; Chen, C.; Wang, Z. The complete chloroplast genome sequence of Epipremnum aureum and
its comparative analysis among eight Araceae species. PLoS ONE 2018, 13, e0192956. [CrossRef] [PubMed]
72. McDonald, M.J.; Wang, W.C.; Da Huang, H.; Leu, J.Y. Clusters of nucleotide substitutions and
insertion/deletion mutations are associated with repeat sequences. PLoS Biol. 2011, 9. [CrossRef] [PubMed]
73. Cai, Z.; Guisinger, M.; Kim, H.-G.; Ruck, E.; Blazier, J.C.; McMurtry, V.; Kuehl, J.V.; Boore, J.; Jansen, R.K.
Extensive reorganization of the plastid genome of Trifolium subterraneum (Fabaceae) is associated with
numerous repeated sequences and novel DNA insertions. J. Mol. Evol. 2008, 67, 696–704. [CrossRef]
[PubMed]
74. Timme, R.E.; Kuehl, J.V.; Boore, J.L.; Jansen, R.K. A comparative analysis of the Lactuca and Helianthus
(Asteraceae) plastid genomes: Identification of divergent regions and categorization of shared repeats.
Am. J. Bot. 2007, 94, 302–312. [CrossRef]
75. Maréchal, A.; Brisson, N. Recombination and the maintenance of plant organelle genome stability. New Phytol.
2010, 186, 299–317. [CrossRef]
76. Goulding, S.E.; Olmstead, R.G.; Morden, C.W.; Wolfe, K.H. Ebb and flow of the chloroplast inverted repeat.
Mol. Gen. Genet. 1996, 252, 195–206. [CrossRef]
77. Wang, Y.H.; Qu, X.J.; Chen, S.Y.; Li, D.Z.; Yi, T.S. Plastomes of Mimosoideae: Structural and size variation,
sequence divergence, and phylogenetic implication. Tree Genet. Genomes 2017, 13, 1–18. [CrossRef]
78. Liu, L.; Wang, Y.; He, P.; Li, P.; Lee, J.; Soltis, D.E.; Fu, C. Chloroplast genome analyses and genomic resource
development for epilithic sister genera Oresitrophe and Mukdenia (Saxifragaceae), using genome skimming
data. BMC Genomics 2018, 19, 235. [CrossRef] [PubMed]
79. Wang, Y.; Zhan, D.-F.; Jia, X.; Mei, W.-L.; Dai, H.-F.; Chen, X.-T.; Peng, S.-Q. Complete Chloroplast Genome
Sequence of Aquilaria sinensis (Lour.) Gilg and Evolution Analysis within the Malvales Order. Front. Plant Sci.
2016, 7, 1–13. [CrossRef] [PubMed]
80. Lee, S.Y.; Ng, W.L.; Mohamed, R.; Terhem, R. The complete chloroplast genome of Aquilaria malaccensis Lam.
(Thymelaeaceae), an important and threatened agarwood-producing tree species. Mitochondrial DNA Part B
2018, 3, 1120–1121. [CrossRef]
81. Piot, A.; Hackel, J.; Christin, P.A.; Besnard, G. One-third of the plastid genes evolved under positive selection
in PACMAD grasses. Planta 2018, 247, 255–266. [CrossRef] [PubMed]
82. Yu, X.; Zuo, L.; Lu, D.; Lu, B.; Yang, M.; Wang, J. Comparative analysis of chloroplast genomes of five Robinia
species: Genome comparative and evolution analysis. Gene 2019, 689, 141–151. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
